We describe the growth and characterization of InAs quantum dots (QDs) on a patterned GaAs substrate using metalorganic chemical vapor deposition. The QDs nucleate on the ͑001͒ plane atop GaAs truncated pyramids formed by a thin patterned SiO 2 mask. The base diameter of the resulting QDs varies from 30 to 40 nm depending on the size of the mask. With specific growth conditions, we are able to form highly crystalline surface QDs that emit at 1.6 m under room-temperature photopumped conditions. The crystalline uniformity and residual strain is quantified in high-resolution transmission electron microscopy images and high-resolution x-ray reciprocal space mapping. These strained QDs may serve as a template for selective nucleation of a stacked QD active region. © 2004 American Institute of Physics. [DOI: 10.1063/1.1792792] In the strain-driven self-assembled quantum dot (QD) growth process, nonuniformity in the wetting layer gives rise to QD nucleation.
We describe the growth and characterization of InAs quantum dots (QDs) on a patterned GaAs substrate using metalorganic chemical vapor deposition. The QDs nucleate on the ͑001͒ plane atop GaAs truncated pyramids formed by a thin patterned SiO 2 mask. The base diameter of the resulting QDs varies from 30 to 40 nm depending on the size of the mask. With specific growth conditions, we are able to form highly crystalline surface QDs that emit at 1.6 m under room-temperature photopumped conditions. The crystalline uniformity and residual strain is quantified in high-resolution transmission electron microscopy images and high-resolution x-ray reciprocal space mapping. These strained QDs may serve as a template for selective nucleation of a stacked QD active region. In the strain-driven self-assembled quantum dot (QD) growth process, nonuniformity in the wetting layer gives rise to QD nucleation. 1 The nucleation sites are weakly linked to surface steps that are not uniformly distributed; the QD nucleation sites are thus distributed randomly on the growth surface. The random nucleation results in a nonuniform QD size distribution and a broadened inhomogeneous linewidth, typically Ͼ20 meV.
Several methods have been used to define the nucleation sites in the growth plane including electron-beam lithography, [2] [3] [4] scanning tunneling microscope-assisted nanolithography, [5] [6] [7] and optical lithography. 8 The regrowth of patterned QDs has been accomplished using metalorganic chemical vapor deposition (MOCVD), 2 chemical beam epitaxy, 3 and molecular beam epitaxy. [4] [5] [6] [7] [8] The ultimate goal of this research is to demonstrate an inhomogeneously broadened linewidth similar to the homogeneously broadened linewidth (10 meV at 300 K, Ͻ1 meV at 4 K). 9 The formation of a large, dense, and uniform QD array is a complex task requiring a stable, uniform patterning process that yields a clean, undamaged surface for regrowth. To date, even room-temperature photoluminescence (RTPL) from regrown QDs has not been demonstrated.
In our work, we have used an optical lithography patterning method for the benefits of fast, large-scale exposure. Two co-authors (S.C.L. and S.R.J.B.) have pioneered this patterning process for homoepitaxial regrowth using molecular beam epitaxy. In this manuscript, we describe patterned QD formation using MOCVD utilizing the H 2 carrier gas to produce an atomically clean postprocessing surface. Furthermore, we have designed the epistructure to reduce nonradiative centers caused by dangling bonds and strain-related defects that result from patterning. In our structures, an InGaAs/ GaAs buffer separates the QD active material from the regrowth interface. The buffer thickness is designed to form a truncated pyramid on which the QDs nucleate. The InAs QDs are formed by strain driven processes where the nucleation site is predefined since the In and As atoms preferentially adhere to the available ͑001͒ surface atop the GaAs truncated pyramid. This preferential growth on the ͑001͒ surface has been noted in previous nanopatterning work. 3 The resulting patterned QDs demonstrate RTPL measured using a 5 mW HeNe pump laser ͑500 mW/ cm 2 ͒, a lock-in amplifier, and an InGaAs detector. This patterning and regrowth methodology results in highly crystalline InAs pyramids confirmed by high resolution transmission electron microscopy (HRTEM) images and high-resolution x-ray reciprocal space mapping (HRXRSM).
The basic structure for processing the growth mask consists of a negative photoresist (PR) film, a 45-nm-thick SiO 2 layer, and a GaAs͑001͒ substrate. 8 A two-dimensional array of holes is formed in the PR using an interferometric lithography technique. The pattern is transferred to the SiO 2 film with dry etching. A very high quality SiO 2 film is necessary to prevent pin-hole formation during the etching process. The patterning technique and subsequent processing to generate the SiO 2 pattern are fully described in Ref. 8 . The resulting pattern features 100-to 200-nm-diam holes on a 360 nm pitch along the [110] direction.
The patterned pyramids and QDs are grown in a vertical MOCVD reactor at 60 Torr using TMGa, TMIn, and pure AsH 3 as source materials. Before regrowth, the patterned GaAs sample is deoxidized at 900°C for 5 min. Hydrogen is flowed during this process to remove carbon, residual oxygen, and other contamination from the surface prior to regrowth. Growth is initiated with a GaAs buffer layer at a growth rate of 1.5 Å / s and V/III ratio of 200 at 800°C and results in a truncated pyramid (ϳ30 nm in height). The growth mode is characterized by a low growth rate and high V / III ratio to provide a very smooth GaAs buffer layer. The high V / III ratio is necessary as the group III elements have higher sticking coefficient than group V elements; this effect is amplified by the patterned surface. From initial regrowth experiments on thin stripe patterns in SiO 2 , we know that Ga atoms diffuse ϳ2 m under these conditions. This diffusion length translates into a very high Ga atom concentration in the patterned holes. The resulting high Ga atom concentra-tion requires a high column V source flow to maintain stoichiometry. After the GaAs truncated pyramids are formed, the temperature is lowered and stabilized at 500°C. Quantum dot growth is commenced with 5 ML of In 0.15 Ga 0.85 As and 3 ML of InAs at a growth rate of 1 ML/ s and V / III ratio of 25. Figure 1 shows SEM images at several stages of patterned growth including (a) patterned holes in the SiO 2 mask, (b) patterned InAs QDs atop GaAs pyramids, and (c) InAs QDs/ GaAs pyramids formed under unoptimized growth conditions. From Fig. 1(a) , the center-to-center spacing between two holes is ϳ360 nm in [110] direction and 510 nm in [010] . Figure 1(b) shows a clean SiO 2 masked surface between the InAs pyramidal features demonstrating a highly selective growth. The general shape of pyramid base is circular with a base diameter of ϳ110 nm. The pyramidal density is Ͼ1 ϫ 10 9 cm −2 . Transmission electron microscopy allows measurement of the limiting crystal planes and process uniformity. Higher resolution images delineate InAs from GaAs materials and confirm crystal integrity especially at the regrowth interface. Figure 2 includes several cross-sectional TEM images looking at the ͑110͒ crystal plane to show (a) an array of patterned surface InAs QDs on GaAs pyramids, (b) a single InAs QDs/ GaAs pyramid, and (c) an InAs QD that nucleated (opportunistically) at the pyramid base due to a fabrication defect. In Fig. 2(a) , the variation in SiO 2 hole diameter from 120 to 150 nm can be observed. The pattern variation results in GaAs pyramid height that varies from 30 to 40 nm and QD diameters ranging 30 to 35 nm. The limiting crystal plane, which is a function of substrate material, appears highly uniform throughout the observed images. Figure 2(b) shows crystal faceting along the ͑111͒ plane near the base and ͑311͒ near the apex. As discussed in previous work, 8 the pyramid shape changes from trapezoidal to triangular depending on the size of the nanohole and the amount of material deposition. We have designed our growth sequence to form a GaAs pyramid truncated at the ͑001͒ plane. As the ͑001͒ plane is the fastest growing plane, the InAs prefers nucleation on this plane. Figure 2(c) focuses at the base of one pyramid and shows the formation of an InAs QD between GaAs buffer and SiO 2 mask where the ͑001͒ plane has been exposed due to a processing defect. Figure 3 shows RTPL spectra of (a) surface QDs on a planar substrate, (b) well-formed patterned surface QDs, and (c) incomplete nucleation on a patterned substrate. The selfassembled (a) and the well-formed patterned (b) ensembles emit very similar spectra peaked near ϳ1610 nm with a fullwidth at half maximum (FWHM) of ϳ140 meV. The broad FWHM is a typical characteristic of surface SAQD emission. 10 The peak intensity of the patterned QDs is curiously two times greater than the SAQDs. While this may indicate better material quality, further experimental study is necessary. Finally, there is no PL emission from the irregular InAs/ GaAs pyramids suggesting polycrystalline nature.
Figures 4(a)-4(c) show the ͑044͒ diffraction space maps for (a) the SAQDs, (b) the patterned InAs QDs, and (c) poorly nucleated QDs. The procedure for collection and calculations from angular units into reciprocal space coordinates of these maps were presented in previous publications. 11, 12 The HRXRSM from the SAQDs in Fig.  4(a) shows only the projection of intensity around the GaAs substrate along the k-perpendicular ͓001͔ direction. This result indicates the wetting layer strain in the growth direction without ordering of dots in the lateral direction. The interesting features appear in the map of patterned InAs QDs, Fig.  4(b) , where the periodic peaks, located symmetrically around the GaAs substrate peak in k-parallel Fig. 4(b) suggest uniform crystal plane orientations compare to the broad spectrum of Fig. 4 (c) that suggests a highly nonuniform crystallographic structure.
In conclusion, we have demonstrated growth of InAs QDs atop the ͑001͒ plane of patterned GaAs truncated pyramids using MOCVD. These QDs present RTPL from patterned InAs QDs. Data from HRTEM and HRXSM analysis shows high crystalline quality material. Of course, the end goal of patterned QD work is to demonstrate an inhomogeneously broadened linewidth that is very similar to the homogeneously broadened linewidth. Using our present method, improved QD uniformity requires improved pattern uniformity. 
